, 300 fs) irradiates a uniform critical density plasma. The uniform plasma is created through the ionization of an ultra-low density (5 mg/c.c.) plastic foam by X-ray burst from the interaction of intense laser (I ¼ 10 14 W/cm 2 , 600 ps) with a thin Cu foil. 2D Particle-In-Cell (PIC) simulation well reproduces the collimated electron beam with a strong magnetic field in the region of the laser pulse propagation. To understand the physical mechanism of the collimation, we calculate energetic electron motion in the magnetic field obtained from the 2D PIC simulation. As the results, the strong magnetic field (300 MG) collimates electrons with energy over a few MeV. This collimation mechanism may attract attention in many applications such as electron acceleration, electron microscope and fast ignition of laser fusion. V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
In the frame of the fast ignition (FI) scheme of inertial confinement fusion, 1 several methods have been proposed to heat the core plasma by an external source. 2 Direct heating method (super-penetration) is one such method owing to the simple target and laser geometry. 3 In this scheme, ultraintense laser pulse (UILP) irradiates an imploded plasma directly and propagates into the corona region with relativistic self-focusing (RSF). When the UILP reaches critical density surface, relativistic induced transparency (RIT) allows the pulse to propagate as a single channel up to critical 4 or 10 times critical density. 5 In the end, the laser energy is transferred to electrons at the critical or overcritical density interface. 5 In our previous work, the emission divergence of fast electron beam has been found significantly narrower (33 (FWHM) ) than that obtained at the plain foil target (66 (FWHM)) when the UILP penetrated into several tens lm overdense plasma. 6 However, the understanding of physical mechanism has been left as an issue.
This motivated us to investigate the characteristics of the fast electron generated around critical density plasmas in detail in well characterized experimental platform. For this purpose, we create homogeneous critical density plasma inside a small capillary tube filled with ultra low-density plastic foam. The foam is heated by X-ray burst produced by irradiating a thin Cu foil with an ns infrared laser pulse. The plasma density profile is estimated by a 1D hydro-radiative simulation as well as 2D X-ray radiography measurement that show creation of homogeneous critical density plasma over several hundred microns inside the tube. 7 When an UILP (10 19 W/cm 2 ) irradiates the plasma, energetic electron beam is created via J Â B heating, B-loop acceleration, and betatron resonance acceleration. [8] [9] [10] The spatial distribution of the generated electron beam emitted from the tube toward the laser direction is observed with an imaging plate (IP) stack. The beam divergence of fast electrons is 11 6 2 (FWHM), i.e., around a quarter of the one (45 6 6 (FWHM)) measured in the case of the standard foil target. This significant narrow divergence is also observed in 2D Particle-In-Cell (PIC) simulation. To understand the physical mechanism of the collimation, we calculated the motion of electrons that follows Lorentz force using magnetic field obtained from 2D PIC calculation. It is found that the structure of magnetic field associated with the laser propagation in critical density plasma strongly collimates strongly fast electrons that with energy over a few MeV.
II. PRODUCTION OF ULTRA-LOW DENSITY FOAMS
In-situ polymerisation is a method of moulding foams to desired shape and inside hollow metallic or plastic components of laser targets. Production of ultra-low density foams inside targets eliminates handling of fragile low density foams. The diameter and depth of the targets, the aspect ratio, and also the design of the target is crucial and predominantly dictates the methods used for their synthesis. The formation of in-situ foams in laser targets involves filling and polymerisation step; depending on the target aspect ratio, the correct acrylate monomer/mixture of monomers are dissolved in a suitable solvent and using a micro needle injected inside the target cavity. The solution is then illuminated with correct wavelength of UV light appropriate to the monomers utilized. The solution inside the target cavity gels a) iwawaki-t@eie.eng.osaka-u.ac.jp within seconds and targets containing the wet gel are then transferred to correct solvent for exchange. Finally the target containing the wet foam is transferred to a critical point dryer, and using liquid CO 2 as critical solvent the wet gels are dried. As a consequence of these steps, some components of the targets are fixed after the foam filling process to minimize the damage to the final target.
III. EXPERIMENTAL RESULT
The experiment was performed at the ELFIE facility at LULI, Ecole Polytechnique using two laser beams. The experimental setup is shown in Fig. 1 . The target consists of polyimide tube, ultra-low density foam and thin Cu foil. The wall thickness, the length, and the inside diameter of the polyimide tube are 20 lm, 300 lm, and 254 lm, respectively. The plastic (C 15 H 20 O 6 ) foam is filled in the tube with the ultra-low density of 5 mg/cc that corresponds to the critical density of 10
21
/cc when the foam is ionized. The thin Cu foil (0.7 lm thick) is attached to one side of the tube for production of X-ray burst to ionize the foam material.
7 X-rays are created by irradiation of the Cu foil with an infrared (k ¼ 1.057 lm) laser pulse (60 J/600 ps) at focused intensity of 10 14 W/cm 2 . The plasma density and temperature have been estimated by the 1D hydro-radiative simulation, CHIC. 11 In addition, we have measured the density of the solid and ionized foam by performing 2D X-ray radiography. The source was a burst of Ka X-rays produced by irradiating a 20 lm glass wire with a high intensity short pulse laser. The spectrum of X-rays was predominantly Ka X-rays from non-ionized silicon atoms at 1.74 keV; this was confirmed using step filters and post-processing of the data. The X-ray absorption in the cold foam matched the transmission properties as tabulated in CXRO. 12 As for the ionized foam in the temperature range that we were expecting (20-40 eV), the transmission data showed that the electron density of the ionized foam was 10 21 /c.c. 600-800 ps after irradiation of the heating beam. Since the nano structures of the foam may disappear after the time (¼10 ps) given by the ratio of the nano scale divided by the sound speed, the plasma within the tube should be rather uniform at this timing. This analysis was performed with the aid of the code FLYCHK. 13 This X-ray absorption technique is rather insensitive to the range of temperatures of 10-40 eV, whereas the transmission depends more on the electron density, hence we are convinced that the desired density was achieved in the heating process. 14 The UILP is then focused on the surface of the critical density plasma from the open side of the tube (from the left in Fig. 1 ) after the foam becomes the expected density. The laser wavelength is 1.057 lm with 300 fs time duration. The laser is focused with an f/3 off-axis parabola to a 10 lm diameter spot producing an intensity of 10 19 W/cm 2 in vacuum. The pointing accuracy is at least one tenth or smaller than the diameter of the entire foam plasma. The emission pattern of electron beam from the target is detected by a SR IP set at 135 mm behind the target. 15, 16 This IP is covered with a 7 lm thick Al foil to protect the IP from laser light. Electrons with energies over 25 keV can be detected through the Al foil based on the continuous-slowing-down approximation (CSDA) range calculation.
17 A thin Al foil target is also used for comparison. The Al target is 20 lm thick with 1 mm Â 1 mm square. Through the experiment, the short pulse is kept at normal incidence. Considering the fitting results and the experiment setup, the divergence angle from the foil target is 45 6 6 (FWHM), consistent with past studies. 6, 18, 19 On the other hand, the angle from the tube target is only 11 6 2 (FWHM), around quarter in comparison to the foil target case.
Although IP is sensitive also to X-rays and protons, fast electron signal is predominantly recorded in these patterns. As to the signal in the foil target, there is a uniform background ($1000 PSL). This may come from X-rays. The proton divergence was separately measured to be 35 (FWHM) for 1.7 MeV and is narrower than the observed divergence. Thus, the signal in Fig. 2 (a) is considered to be fast electrons. As to the signal in the tube target, the contribution from X-rays should be smaller than the foil due to the low target Z number (Z ¼ 3.7) and can be neglected. Protons are mainly accelerated in the radial direction based on the PIC in Ref. 10 . Our PIC simulation (the details are given in Sec. IV) indicates also similar large divergence and the signal intensity on the IP from protons could be 20 times smaller than that from electrons. 16, 20, 21 Thus, the narrow divergence signal is due to fast electrons.
FIG. 1. Experimental setup.
A long (600 ps) pulse laser irradiates a thin Cu foil (0.7 lm) to generate X-ray burst that ionizes the entire foam target to create uniform critical density plasma. An UILP comes from the left side for producing a plasma channel in the plasma.
IV. PIC SIMULATION
In order to understand the experimental results, we conducted 2D PIC simulations (FISCOF (Refs. 22-25)) using the experimental configurations. The electron density of the tube target is set to be the critical density. The vertical size and the thickness of the critical density plasma are 140 lm and 60 lm, respectively. The target thickness is shorter than the actual target due to the calculation capacity. Since the laser channeling is observed in this simulation up to 40 lm in depth, this simulation setup can model the experiment. Preformed plasma is also attached on the surface and the density exponentially decays to 0.1 N c with the scale length of 2 lm referring to the CHIC calculation. This preformed plasma is necessary to represent the plasma expansion due to the X-rays flash created by the long pulse laser beam. On the other hand, the electron density of the foil target is set to be 10 N c . This electron density is lower than the actual target due to the calculation capacity. Though the relativistic critical density (cN c ¼ 3.4 N c ) is lower than the target density, this simulation setup can model the interaction in the overdense plasma. The vertical size and the thickness of the plasma are 70 lm and 1 lm, respectively. Preformed plasma is also attached with a 1 lm scale length from 5.0 to 0.1 N c . The temporal distribution of the incident laser intensity is a Gaussian with 300 fs (FWHM) pulse duration. The maximum intensity is set to be 3 Â 10 19 W/cm 2 with the spot size of 10 lm. The pulse is injected at 5 lm in front of the foot of preformed plasma. Fast electrons are observed at 10 lm from rear surface of the plasmas. Figure 3(a) shows the angular distributions of fast electrons (>25 keV) for both plasma cases from the simulation. The red solid and green dotted lines indicate the cases of the critical density plasma and the foil, respectively. Fast electrons from the critical density plasma have a small divergence angle of 12 (FWHM) from laser axis. Within this angle, 48% of the total fast electron energy is confined. Comparatively, the electron beam from the foil target shows a large divergence of an angle 25 (FWHM). There is some difference on the divergence angle of the foil between the experiment and PIC. This difference could be due to the scale length of the preplasma used in the PIC (1 lm). 26, 27 Longer preplasma will produce electrons with a larger divergence due to Weibel instability growth. Figure 3(b) shows the electron energy spectra for both target cases from the simulation. The red solid and green dotted lines also indicate the cases of the critical density plasma and the foil, respectively. Here, we note that the most electrons carried energies of over 1 MeV, namely, 90% for the critical density plasma and 83% for the foil.
In this simulation, we observed also protons created in the critical density plasma. The cut off energy, average energy and divergence angle are 5 MeV, 0.5 MeV, and 138 (FWHM), respectively. Assuming the conversion efficiency from laser to proton energy of 1% and using proton sensitivity for IP, 20, 21 signal intensity on the IP from protons are 20 times smaller than that from electrons. 16 
V. POST PROCESS ANALYSIS
Since 2D PIC simulation results reproduce the observation in the experiments qualitatively, we proceed further to find the predominant mechanism for electron collimation. When the UILP interacts with matters or plasmas, strong electrostatic or magnetic field can be generated. Especially the magnetic field is known to function as an electron collimator [28] [29] [30] or scatterer. 26, 27 Here, we explain the collimation mechanism as the result of the magnetic field.
A. Foil target
Figure 4(a) shows typical magnetic field structure taken at the timing of 600 fs as calculated by the PIC code in Sec. IV. Here, the maximum laser intensity reaches the critical density surface at 400 fs. The laser pulse propagates from the left toward x direction. The initial plasma location is 5 lm < x < 6 lm and À35 lm < y < 35 lm with density of 10 N c . The surface magnetic fields become enhanced through the positive feedback loop by surface propagation of fast electrons. 31 The strength of the fields on the target front surface reaches 400 MG and is higher than the one at behind the target.
Here, we introduce test electrons to understand how the magnetic field affects on the electron collimation using a uniform incident angular distribution as shown by the green solid line in Fig. 4(b) . The motions of the electrons in this magnetic field are calculated using Lorentz force,
. Initial source position of the test electrons is set at the critical surface with 10 lm diameter taking into account of laser spot size. The tracks of 5 MeV electrons are shown by white lines in Fig. 4(a) . Most of electrons are reflected by the surface magnetic field to the backward and only a few electrons can pass through the target. Direction angles of the electrons are recorded when the electron passes the simulation boundaries as shown in Fig. 4(b) for the different electron energies. The electron numbers in each angle are normalized by the numbers of the input distribution. When the electron energy is 5 MeV (blue dashed lines in Fig. 4(b) ), the electron numbers in À20 $ 20 is not so different from the input. However, the number drops for À100 $ À50 and 50 $ 100 , and increases for À180 $ À100 and 100 $ 180 . These trends are same also as 10 MeV electrons (red solid lines). Those electrons merge into the surface current that reinforce the strength of surface magnetic field as a positive feedback. On the other hand, in the case of 10 MeV electrons, forward electrons observed between À20 and 20 seem to increase because the electron energy is high enough to break through the surface magnetic field. In addition, electron motion is concentrated to the forward by the rear magnetic field.
Here, we introduce the parameter "Enhancement factor (EF)" to estimate this collimation effect. This value is defined as the maximum electron normalized by the input electron numbers between À45 and 45 . Namely, the magnetic field works as a collimator when this value >1 and a reflector when <1. EF for 10 MeV electrons is 1.5 in Fig. 4(b) compared to no increase for 5 MeV electrons. Thus, the collimation effect becomes significant for higher energy electrons. Figure 5 shows relation of EFs and magnetic field strength as a function of time. Red, blue, and green solid lines in Fig. 5 indicate the time development of the EFs for 0.5, 5, and 10 MeV electron energies, respectively. While each EF peaks at around 200-300 fs, the magnetic field strength peaks at 500 fs. Comparing these three solid lines, the collimation effect works until 300 fs especially to low energy electrons. However, the effect becomes weak after 300 fs especially for low energy electron with the development of magnetic field as shown black dashed line. Namely, after 300 fs, the collimation effect works only for high energy electrons ($10 MeV). The strong magnetic field =ðeBÞ. Here, m e and c are the electron mass and the electron Lorenz factor. The radius becomes small when the magnetic field is strong and the electron energy is low. Here, the radiuses of 0.5 and 10 MeV electron in 300 MG magnetic field are 0.1 and 1.1 lm, respectively. Therefore, if the electron energy is high enough, the electron breaks through the strong magnetic field region without crucial modification of the propagation direction. This post process analysis and PIC calculation in Fig. 3(b) support the large divergence of fast electrons for the case of foil target.
B. Critical density plasma
Next, electron motion in critical density plasma is calculated by using the laser conditions same as the foil target. Figure 6 (a) shows typical structure of the magnetic field taken at the timing of 600 fs calculated by PIC simulations in Sec. IV. The initial plasma location is 0 lm < x < 60 lm and À70 lm < y < 70 lm with density of N c . Here, the maximum laser intensity reaches the critical density surface at 400 fs. This field is created by fast electron current propagating into the plasma from the left to the right in the figure. The magnetic field is located in the region of the plasma channel. The return currents can cover the boundary and neutralize the outside magnetic field. 32 Tracks of 5 MeV electrons are shown as white lines in Fig. 6(a) . The input electron source position is set at x ¼ 0 lm corresponding to entrance of the critical density plasma and at the y-axis same as the foil case. It is found that a number of electrons are bound around the field and propagate to forward direction rather different from the foil target case. The UILP penetrates inside the critical density plasma due to relativistic effect. The observed penetrated length is 40 lm. Therefore, the electron source is not a point localized at the entrance but rather is elongated along the plasma channel. Then, we consider different source position, for example, center of magnetic fields (x ¼ 15 lm). Figure 6 (b) represents the same magnetic field as Fig. 6(a) . White lines in Fig. 6(b) show the tracks of 5 MeV electrons assuming the source position at x ¼ 15 lm. In the results, backward electrons are pulled into the forward direction. A portion of these electrons is also bound around the field and propagates to the forward. Others escape from the field before arriving at the end of the magnetic field. These trends can be also seen in Fig. 6(c) , which represents the angular distribution in the two cases corresponding to Figs. 6(a) and 6(b) . The green solid line shows the input source. The blue dashed line corresponds to the case x ¼ 0 lm, and the red solid one to the case x ¼ 15 lm. One can see that the forward current increases significantly and the backward current is smaller than that in the foil target. Backward electrons (À180 < H < À130 or 130 < H < 180 ) increase to a level twice the input when the source position is set at the entrance of the field. However, in the case of middle source position, the backward peaks shift to smaller angles (À100 < H < À50 or 50 < H < 100 ) where the electrons can easily escape from the field. In addition, the forward electrons slightly increase. Figure 7 shows the temporal evolution of forward electrons for different electron energies and magnetic fields. The blue and purple solid lines indicate the EFs of 0.5 and 5 MeV electron from the source at x ¼ 0 lm, respectively. In addition, the electron energy at x ¼ 15 lm is also shown by the red dotted line. Until 400 fs, each EFs exceed 1 and the lower energy (0.5 MeV) electrons appear to have a higher EF. On the contrary after 400 fs, the higher energy electrons have higher EF. EF of low energy electrons decreases to less FIG. 5 . Time evolution of "EF" and surface magnetic field for Al solid foil target. Red, blue, and green solid lines indicate the EFs for electron energies 0.5, 5, and 10 MeV, respectively. Black dashed line expresses the magnetic field strength. At the early time until 300 fs, every EF is larger than 1. After 300 fs, EFs decrease and become less than 1 at 600 fs except for the 10 MeV. The maximum laser intensity reaches the critical density surface at 400 fs. and 130 $ 180 region merge into smaller angular regions. The peak value becomes also higher at x ¼ 15 lm compared x ¼ 0 lm. than 1 after 600 fs, whereas the EF of high energy electron is kept higher than 1. In case of critical density plasma, it is easy even for low energy electrons to enter the target because the surface magnetic field is weak ($10 MG). Once the electrons enter the target, these electrons are trapped immediately by the magnetic field generated in the plasma channel. The maximum magnetic field in the plasma channel (black dashed line in Fig. 7 ) reaches hundreds of MG resulting in the Larmor radius less than 1 lm and smaller than the size of magnetic field. In our estimation, 11% of the 0.5 MeV electrons are trapped in the field at 600 fs. In addition, even if the electrons are bound around the field, it is difficult to propagate along the field but rather escape at large angle. On the other hand, if the energy is high enough, the electron are bound around the field and propagate in forward direction with a good collimation even if the source position is x ¼ 0 lm (blue lines in Figs. 6(c) and 7). In fact, this effect becomes more prominent when the source is embedded in the field (red dotted line in Figs. 6(c) and 7) . From the above observation, the magnetic field in the critical density plasma works as a collimator for the electrons that have energy over a few MeV.
Due to the sheath potential at the rear side of the target, electrons under the average energy or lower than the temperature (T e ¼ 2.3 MeV in Fig. 3(b) ) may be trapped within the target. 15, 23 Therefore, the observed collimated fast electrons in Fig. 2(b) are mainly the ones with energy larger than the average energy (in the plasma) collimated through the magnetic field and escaped from the tube target.
VI. DISCUSSION
So far we have shown that the electron beam divergence is strongly related to both structure and strength of the magnetic fields and electron energy. For the foil target, the surface magnetic field plays a dominant role on electron divergence. For the critical density plasma, the surface field becomes minor compared to the field inside the plasma channel. This magnetic field inside the channel makes electron collimation. Here, we assume the main part of electron beam is generated after the peak intensity reaches the target (after 400 fs). Then, in the foil target case, it can be assumed that high energy electron ($10 MeV) can pass through the surface magnetic field easily and the collimation effect becomes effective as shown in Fig. 5 . In the critical density plasma, the collimation effect becomes effective for over a few MeV electrons. The collimation in critical density plasma works much better than that in the foil target as shown in Figs. 5 and 7. These trends are also explained by PIC simulations as shown in Fig. 8 . Figure 8 shows the total electron energy observed in the simulation at the observation line indicating the electron flux in the forward direction for (a) the foil target and (b) the critical density plasma, respectively. The energy is divided into five bands: <0.5, 0.5 $ 2.0, 2.0 $ 5.0, 5.0 $ 10.0, and >10.0 MeV. In the case of foil target, only higher energy electrons tend to reach the observation line especially after 500 fs, while, in case of the critical density plasma, it is clear that even lower energy electrons can pass through the line. The flux is more than several times this one obtained in foil target. These results can also explain the difference of the electron beam behavior.
Based on the results given so far, it is possible to consider a case for the fast electron collimation in further overdense plasmas. When the magnetic field in plasma channel is created by the forward going electrons, same argument can be applied in the over-dense region as the one in the critical density plasma, represented as B(r) ¼ (2p/c)en e v e r. Here, n e , v e , and r are background electron density, electron speed, and radius of the plasma channel, respectively. In case of this critical density plasma, the maximum strength of the magnetic field was 300 MG. Using the channel radius 5 lm and the background electron density N c , the electron speed in the channel is estimated to be 0.18 c. Assuming the same speed when the UILP with the wavelength 1 lm penetrates 10 times critical density plasma with the diffraction limit (r ¼ 0.5 lm), the maximum strength of the magnetic field is also estimated to be 300 MG. This strong magnetic field could collimate significantly the fast electron beam.
VII. CONCLUSION
Significantly collimated fast electron beam (>25 keV) has been observed from the uniform and long critical density plasma irradiated with an ultra-intense laser pulse at 10 19 W/ cm 2 . The divergence was 11 (FWHM), much smaller than that the 45 from the standard foil target. 2D PIC simulations for the two types of target indicated the same trend. Based on our post process analysis using magnetic fields taken from the 2D PIC simulations, it is possible to explain the experiment by considering the both structure and strength of the magnetic field. Therefore, we conclude that the difference of the electron beam divergence is caused by the difference of the structure and strength of the magnetic field in the two targets. Similar magnetic field collimation has been observed in guiding cone wire target, 28 target surface, 31 resistivity controlled solid target 29 and preformed magnetic field structure. 30 However, a difference in our case is that strong magnetic fields are used for the collimation along the plasma channel in a critical and/or over-critical density. In addition, the generated electron beam has higher density and lower averaged energy compared to those from the wake field acceleration 33, 34 and the surface waves acceleration 35, 36 where relatively low density plasma is used. There may be an attractive application of this collimation and high intensity electron beam over a few MeV electrons to the direct heating of high density core such as super-penetration mode in fast ignition. 32, 37 
